The article is associated with the American College of Prosthodontists' journal-based continuing education program. It is accompanied by an online continuing education activity worth 1 credit. Please visit www.wileyhealthlearning.com/jopr to complete the activity and earn credit. ]) were prepared according to ISO standard 4049 for water sorption and solubility tests. Furthermore, the percentage of mass change, percentage of solubility, and percentage of water absorbed was also determined. Film thickness was measured according to ISO standard 9917-2; the mean of 5 measurements for each cement was calculated. Shear bond strength for each cement was determined according to ISO standard 29022 before and after thermocycling at 20,000 cycles, temperatures 5 to 55°C with a 15-second dwell time (n = 10/subgroup). Two-and one-way ANOVA were used to analyze data for statistical significance (p < 0.05). Results: Water sorptions of the RMGI cements were in close range (214-250 μg/mm 3 ) with no statistical differences between counterparts (p > 0.05). RelyX Luting Plus (clicker-handmix) displayed lower solubility than its handmix and automix counterparts (p < 0.05). Film thickness of RelyX cements was significantly different (p < 0.05). RelyX Luting Plus (automix) had the lowest film thickness (19 μm) compared to its handmix (48 μm) and clicker-handmix (117 μm) counterparts (p < 0.05). GC Fuji PLUS (capsule-automix, 22 μm) was significantly lower than the automix version (GC FujiCEM 2, 127 μm) (p < 0.05). Shear bond strength of RelyX Luting Plus (automix) was significantly lower than its handmix and clicker-handmix versions (p < 0.05). GC Fuji PLUS (capsule-automix) was significantly higher than GC FujiCEM 2 (automix) (p < 0.05). The binary interaction of the two independent variables (dispensing/mixing method and thermocycling) was significant for the shear bond strengths of the GC cements only (p < 0.05). Conclusions: Change in the dispensing/mixing method of RMGI cement from the same brand may have an effect on its physical properties, in addition to its film thickness and shear bond strength. Newer, easier, and faster cement delivery systems are not necessarily better. Clinical outcomes of these differences are yet to be confirmed.
For many years, the primary cement used to lute castings to natural teeth was zinc-phosphate cement. 1 Zinc-phosphate cement has a history of successful clinical use with both cast gold and metal-ceramic restorations, and is considered the gold standard among dental cements and luting agents. 2 Zinc-phosphate cement requires a very specific, detailed mixing protocol and proper mixing results in a cement with optimized physical and mechanical properties. 3, 4 The 1970s and 1980s saw the introduction of the polyelectrolyte cements (polycarboxylate and glass ionomer) that chemically bonded to tooth structure. [5] [6] [7] [8] [9] [10] [11] Glass ionomer cements, which contain fluoride, quickly became popular primarily because of ease of mixing and the imagined potential to prevent secondary caries. Anecdotally, however, use of glass ionomer cements seemed to result in a rather high incidence of postcementation sensitivity. This has since been shown to be primarily operator-related, [12] [13] [14] but resinmodified glass ionomer (RMGI) cements, which have proven to be less technique sensitive and also contain fluoride, largely replaced glass ionomer cements in the North American market. 15 RMGI cements were originally introduced as powder/liquid cements and soon replaced zinc-phosphate cement as the cement of choice for metal castings. These cements have favorable physical and mechanical properties, bond to tooth structure, are simpler to mix than zinc phosphate, and contain fluoride. Shortly after the turn of the century, alternative dispensing devices became available. These devices, called "clickers," or "paste:paste" systems, dispense two equal amounts of paste that are then hand-mixed and placed in the casting to be cemented.
An in vitro study from the University of Washington demonstrated that the hand-mixed versions of RMGI cements provided approximately four times more retention than cements dispensed with "clickers." 16 Clearly, to be able to use the dispensers, the cements needed to be modified, and these modifications seemed to have a negative effect on performance. It is not known exactly what these essential modifications might be, but it is likely they involve variations in size and amount of fillers and the incorporation of viscosity diluents.
Currently, the same brand of RMGI cement might be available in a powder:liquid handmix version, a paste:paste clickerhandmix or automix version, and a capsulated automix version. It is likely that modifications of these cements are essential to enable use of the dispensing/mixing devices and it is unknown what effect these modifications might have on the physical properties and shear bond strengths of the resultant cements. This study aimed to determine differences in water sorption (W sp ), solubility (SL), film thickness, and shear bond strength of RMGI cements using different dispensing/mixing methods. The hypothesis was that change in the dispensing/mixing method of the RMGI cement has no effect on W sp and SL, or on its film thickness and shear bond strength.
Materials and methods
Resin-modified glass ionomers and their dispensing/mixing methods used for this study are listed in 17 Any specimen with visible voids was discarded and remade. A desiccator containing anhydrous calcium chloride (CaCl 2 ) (Sigma-Aldrich, St. Louis, MO) was used to store the specimens at 37°C for 22 hours. They were then stored at 23°C for 2 hours in a second desiccator before being weighed on a calibrated electronic scale (AB54-S Analytical Balance; Mettler, Toledo, OH) to an accuracy of 0.1 mg. This cycle was repeated for 2 weeks until a constant mass (m 1 ) was obtained.
The diameter (d) was taken from two measurements at a right angle to each other using a digital micrometer to ±0.01 mm accuracy (Digimatic QuantuMike Micrometer; Mitutoyo Corp., Kawasaki, Japan). The thickness (h) of the specimens was measured to an accuracy of 0.01 mm at the center, then at four equally spaced points at the circumference. The volume (V, mm 3 ) was calculated using the following equation:
Immersed vertically 3 to 4 mm apart in distilled water, the specimens were stored in distilled water (10 mL, pH 7) at 37°C for 7 days. Specimens were then removed and washed with water, air-dried 15 to 20 seconds until free from visible moisture, and weighed (m 2 ) after 1 minute. The specimens were then reconditioned to a constant mass following the same desiccation procedure as described above and recorded as (m 3 ).
W sp (μg/mm 3 ) and SL (μg/mm 3 ) values for each specimen were calculated using the following equations:
v where m 1 is the mass of the specimen, in μg, prior to immersion in the solution; m 2 is the mass of the specimen, in μg, after immersion in water for 7 days; m 3 is the mass of the reconditioned specimen, in μg; V is the volume of the specimen, in mm 3 . Based on the above methodology, it was interesting to extract more information that may be helpful in understanding the differences in W sp and SL of the RMGI cements. The percentage of mass change (M g %), which represents the apparent value for resorbed water by the specimen, was determined after 7 days using the following formula:
The percentage of RMGI cement solubility (SL%) represents the amount of unreacted monomer that may be extracted after a 7-day water immersion period, and calculated according to the following formula:
The overall percentage of water absorbed (S%) may be calculated according to the following formula:
ISO standard 9917-2 was used to measure the film thickness of the RMGI cements.
18 Dispensing/mixing method of each RMGI cement was in accordance with manufacturers' instructions covered by the second glass plate and measured in the same manner as in measurement (A). A 150-N load was applied vertically to the center of the specimen 10 seconds before the end of the manufacturer-stated working time. Ten minutes after load application, the thickness of the two plates was measured as before and designated as measurement (B). The difference between the two measurements (B -A) represents the film thickness of the RMGI cement, and was repeated five times to determine the mean film thickness of each RMGI cement. Under IRB approval #16-1227, fresh extracted human molar teeth (n = 130) were cleaned and stored in 0.1% thymol supersaturated solution at 4°C. 19 Teeth were embedded in acrylic resin and were ground flat to dentin by 320-and 600-grit abrasive paper (Ecomet 3; Buehler, Lake Bluff, IL). The Ultradent shear bond test fixture was used to secure the specimens, and the cements were then injected through the plastic hole of the fixture (2.38 mm in diameter) creating a 5-mm high cemented cylinder that was then photo-polymerized (when required) according to the manufacturer's instructions. Specimens were immersed in water at 37°C for 24 hours prior to testing. Half of the specimens were then artificially aged in a thermocycling machine (TC-8; SD Mechatronik, Feldkirchen-Westerham, Germany) for 20,000 cycles at temperatures 5 to 55°C with a 15-second dwell time. A universal testing machine (Instron 4411; Instron Corp., Norwood, MA) was used for shear bond strength determination (before and after thermocycling) at a 1.0 mm/min crosshead speed until failure. The maximum force (N) was then recorded. The shear bond strength was calculated using the formula:
where σ is the stress, expressed in MPa; F is the force, expressed in N; and A b is the bonding area, expressed in mm 2 . Normality of data distribution was tested using the Kolmogorov-Smirnov test. Two-and one-way ANOVA followed by Tukey's post hoc test were used to analyze the data at a 95% confidence level (p < 0.05). All statistical analysis was performed with Statistical Package for Social Sciences (SPSS) v24 (SPSS Inc, Chicago, IL). 
Results
No violation of the assumption of normality of all tests was found according to the Kolmogorov-Smirnov test. Hence, twoand one-way ANOVA were applied. According to two-way ANOVA, the interaction effect of the two independent variables (dispensing/mixing method vs. thermocycling) and with regards to the shear bond strength values was significant only for the GC RMGI cements (p < 0.05).
According to one-way ANOVA, there was no significant difference between the RMGI cements with respect to their dispensing/mixing methods in W sp mean values (p > 0.05). GC Fuji PLUS (capsule-automix) had the lowest W sp value (214.22 μg/mm 3 ), while RelyX Luting Plus (automix) showed the highest susceptibility W sp (250.03 μg/mm 3 ) (Fig 1) . RelyX Luting Plus (clicker-handmix) SL (26.17 μg/mm 3 ) was significantly lower than its handmix and automix counterparts (p < 0.05) (Fig 2) . GC FujiCEM 2 (automix) showed the lowest SL value (24.75 μg/mm 3 ). The percentage of mass change (Mg%) and percentage of water absorbed (S %) were significantly lower for GC Fuji PLUS (capsule-automix) compared to its automix counterpart (P < 0.05) ( Table 2) .
Film thickness values among the RelyX cements were significantly different (p < 0.05) ( Table 3) . RelyX Luting Plus (automix) had the lowest film thickness compared to its handmix and clicker-handmix counterparts. Regarding GC cements, GC Fuji PLUS was significantly lower than the automix version (p < 0.05) (Fig 3) .
According to one-way ANOVA, shear bond strength of RelyX Luting Plus was significantly lower than its handmix and clicker-handmix versions (p < 0.05) ( Table 3) . GC Fuji PLUS was significantly higher than GC FujiCEM 2 (p < 0.05), and also showed the highest shear bond strength value among the RMGI cements tested (3.99 MPa) (Fig 4) .
Discussion
From a perusal of the data presented, it is clear that there are significant differences in some physical properties of the tested cements related to different dispensing/mixing protocols. A desirable property of dental cements is to have low solubility and sorption in oral fluids. A cement with such characteristics can be assumed more resistant to degradation. Data from this study indicate that the clicker-handmix version of RelyX Luting Plus RMGI cement had almost ½ the solubility of the handmix and automix versions. This could possibly be clinically significant, especially with poor-fitting restorations. There was no significant difference in solubility between the two versions of the GC Fuji RMGI cements, and no significant differences in the water sorption of all versions of both cements. The solubility and sorption test (ISO-4049) is mainly intended for resin composite material, and despite the presence of resin component in RMGIs, the reported results need to be translated with care, as water is produced during the chemical reaction process of RMGI cement, which can further lead to desiccation and possible damage of the matrix, therefore exaggerating the results; however, all specimens of the RMGI cements were treated according to the ISO standard equally, and any negative impact it may have on the specimen should be applied similarly.
Concerning the property of film thickness, the ADA Specification #8 for type 1 luting cements requires that cements achieve a film thickness of 25 μm or less under the conditions of the film thickness test. 20 With RelyX Luting RMGI cement, the film thickness of the automix version was 19 μm, which satisfies the specification; however, the handmix version had a film thickness of 48 μm, and the clicker-handmix version film thickness was 117 μm, which was a 143.7% increase over the automix cement (Table 4) . Clearly, the handmix and clickerhandmix versions of this cement do not satisfy the specification. This excess film thickness could result in unnecessary crown elevations and increased marginal discrepancies.
With the GC Fuji cement, the capsule-automix version had an acceptable film thickness of 22 μm, but the automix version had an unacceptable film thickness of 127 μm, a 477.2% increase. It seems reasonable to speculate that the significant differences in film thickness demonstrated by the tested cements might relate to particle size and distribution plus the addition or deletion of viscosity diluents in the different versions.
Johnson et al first posited that handmixed RMGI cements were approximately four times as retentive as their "clicker" counterparts. 16 Investigation of the possible changes in physical and mechanical properties of the cements was not done. Therefore, it was interesting to report some of the possible physical properties behind these differences in this study. There were statistically significant differences in shear bond strengths between different versions of the two cements. To maximize clinical relevance, thermocycling was performed. It has been reported that 10,000 cycles in 5 to 55°C temperatures with 15-second dwell time may resemble a year of clinical function. 21 Thermocycling was done for 20,000 cycles to resemble 2 years. Thermocycling did reduce the bond strengths for most RMGI cements, some more significantly than others. The differences in bond strength were rather small between the handmix versions of the RelyX cements, and around a 45% drop in bond strength when changing to the automix version of RelyX RMGI. Furthermore, within the GC group, the capsule-automix version was significantly higher (67.5% change in bond strength) in comparison to its automix counterpart (Table 4) . Given the relative lack of clinical significance of shear bond testing, these results should be interpreted with caution.
Thus, the major findings of this study of these RMGI cements with different delivery systems is the excess film thicknesses of the RelyX Luting Plus (clicker-handmix) and GC FujiCEM 2 (automix) cements, the increased solubility of the handmix and automix versions of RelyX Luting cement, and a significant drop in bond strength when using the automix version of the GC RMGI cement. The clinical consequences of these findings are yet to be confirmed. The limitations of this study include that it is an in vitro study and that the clinical consequences of differences in physical properties of cements are not known. Further studies, preferably clinical, are required to characterize these changes. Also, results from shear bond studies have been shown to be poorly correlated to clinical performance. 
Conclusions
Despite the limitations of the current study, the following conclusions may be drawn:
1. There are significant differences in some physical properties of the tested cements related to different dispensing/mixing protocols. 2. The clicker-handmix version of RelyX RMGI and automix version of GC Fuji RMGI cements have film thicknesses well over 100 μm. 3. The handmix and automix versions of RelyX RMGI are more soluble than the clicker-handmix version of the same cement. 4. The clinical significance of these differences in physical properties is unknown.
